Aptamers are a class of small nucleic acid ligands that are composed of RNA or single-stranded DNA oligonucleotides and have high specificity and affinity for their targets. Similar to antibodies, aptamers interact with their targets by recognizing a specific three-dimensional structure and are thus termed "chemical antibodies." In contrast to protein antibodies, aptamers offer unique chemical and biological characteristics based on their oligonucleotide properties. Hence, they are more suitable for the development of novel clinical applications. Aptamer technology has been widely investigated in various biomedical fields for biomarker discovery, in vitro diagnosis, in vivo imaging, and targeted therapy. This review will discuss the potential applications of aptamer technology as a new tool for targeted cancer therapy with emphasis on the development of aptamers that are able to specifically target cell surface biomarkers. Additionally, we will describe several approaches for the use of aptamers in targeted therapeutics, including aptamer-drug conjugation, aptamer-nanoparticle conjugation, aptamer-mediated targeted gene therapy, aptamer-mediated immunotherapy, and aptamer-mediated biotherapy.
Introduction
The terms "aptamer" and "SELEX" were introduced by two independent groups in 1990. 1, 2 The term "aptamer" refers to small nucleic acid ligands that exhibit specific therapeutic functions and an unambiguous binding affinity for their targets. Conversely, Systematic Evolution of Ligands by EXponential enrichment (SELEX) technology is the method used for aptamer development. Although using small molecule nucleic acids as therapeutics has been explored for decades, development of SELEX and aptamer technology revolutionized this field.
The most important property of an aptamer, from the Latin aptus (to fit), is its high target selectivity. These short, chemically synthesized, single-stranded (ss) RNA or DNA oligonucleotides fold into specific three-dimensional (3D) structures with dissociation constants usually in the pico-to nano-molar range. 3 Moreover, in contrast to other nucleic acid molecular probes, aptamers interact with and bind to their targets through structural recognition (Figure 1) , a process similar to that of an antigen-antibody reaction. Thus, aptamers are also referred to as "chemical antibodies."
Due to their small size and oligonucleotide properties, aptamers offer several advantages over protein antibodies in both their extensive clinical applicability and a less challenging industrial synthesis process. Specifically, (i) aptamers can penetrate tissues faster and more efficiently due to their significantly lower molecular weight (8-25 kDa aptamers versus ~150 kDa of antibodies). Therefore, aptamers penetrate tissues barriers and reach their target sites in vivo more efficiently than the larger-sized protein antibodies. (ii) Aptamers are virtually nonimmunogenic in vivo. In principal, as aptamers are oligonucleotides they should not be recognized by the immune system. In practice, a recent clinical study showed that aptamers did not stimulate an immune response in vivo, 4, 5 as compared to protein antibodies that are highly immunogenic, especially following repeat injections. (iii) Aptamers are thermally stable. Based on the intrinsic property of oligonucleotides, even after a 95 °C denaturation, aptamers can refold into their correct 3D conformations once cooled to room temperature. In comparison, protein-based antibodies permanently lose their activity at high temperatures. More importantly, a well-established synthesis protocol and chemical modification technology lead to (iv) rapid, large-scale aptamer synthesis and modification capacity that includes a variety of functional moieties; (v) low structural variation during chemical synthesis; and (vi) have lower production costs. Moreover, aptamers specifically recognize a wide range of targets, such as ions, drugs, toxins, peptides, proteins, viruses, bacteria, cells, and even tissues. [6] [7] [8] [9] [10] [11] [12] In the clinic, aptamer-based therapeutics are gaining momentum. For example, Macugen, a modified RNA aptamer, specifically targets vascular endothelial growth factor. It has been approved by the US Food and Drug Administration (FDA) 13 for the treatment of wet age-related macular degeneration and is under evaluation for other conditions. 14 In the cancer setting, AS1411 targets nucleolin, a protein over-expressed in a variety of tumors. It is currently being evaluated as a potential treatment option in solid tumors and acute myeloid leukemia. 15 An updated list of therapeutic aptamers undergoing clinical trials is included in ref. 16 and Table 1 . Taken together, these clinical studies highlight many possible uses that aptamers may have in a variety of biomedical fields, including therapeutics. 17 Since aptamer technology was first introduced, the RNAbased sequence library has been widely used for SELEX. Based on the existing evidence, it is believed that the presence of a 2′-OH group and non-Watson-Crick base pairing allows RNA aptamer oligonucleotides to fold into more diverse 3D structures than ssDNA molecules. Consequently, using the more flexible RNA sequences simplifies the development of high-affinity and -specificity aptamers. Despite their advantages, RNA sequences are very sensitive to nucleases present in biological environments and can be rapidly degraded. 18 To increase nuclease resistance of RNA-based aptamers, several chemical modifications have been investigated. Evidence shows that 2′-OH group and phosphodiester linkages of RNA sequences are the sites of nuclease hydrolysis. Subsequently, substitutions of the 2′-OH functional group by 2′-fluoro, 2′-amino, or 2′-O-methoxy motifs, and/or changes to the phosphodiester backbone with boranophosphate or phosphorothioate are the most common modifications aimed at increasing nuclease resistance. 19 More recently, Wu et al. developed a novel chemical modification method to increase siRNA stability, in which phosphorodithioate and 2′-O-Methyl were simultaneously substituted in the same nucleotide. 20 This modification method significantly enhanced siRNA stability and represents a potential new direction for utilization of RNA-based therapies in complex biological systems. Other effective modifications recently reported utilize the locked nucleic acid technology 16, 21 or generate "mirror" RNA sequence structures, termed spiegelmers. 22 These modifications result in structural changes to the RNA sequences, which cannot be digested by nucleases.
In addition to RNA aptamers, ssDNA-based aptamers have also been developed. Due to their lack of 2′-OH groups, DNA molecules are naturally resistant to 2′-endonucleases and are stable in biological environments. Recently, our group developed a biostable DNA-based aptamer specific for CD30, a protein biomarker that is over-expressed in Hodgkin and anaplastic large cell lymphomas. Functional analysis demonstrated that this ssDNA-based aptamer exhibited high CD30 binding affinity as low as 2 nmol/l and was stable in human serum for up to 8 hours. Conversely, an RNA-based CD30 aptamer was digested within 10 minutes under similar conditions. 23 In summary, unique chemical features and biological functions have made aptamers a very attractive tool in biomedical research over the past two decades. Currently, there are over 4,000 published articles referenced in the PubMed database that include the term "aptamer." Research areas that include aptamer technology cover bioassays, drug development, cell detection, tissue staining, in vitro and in vivo imaging, nanotechnology, and targeted therapy. As chemical antibodies, aptamers represent an excellent alternative to replace or supplement protein antibodies, which have been extensively used in the clinic.
APTAMERS SPECIFICALLY TARGETING CELL SUR-FACE BIOMARKERS
Using SELEX technology to develop aptamers for cell surface biomarkers SELEX, the methodology used to develop aptamers specific for a target of interest, is based on a repetitive amplification and enrichment process. The SELEX process follows several steps: first, a random ssDNA oligonucleotide library is chemically synthesized to contain between 10 14 -10 15 unique random sequences flanked by conserved primer binding sites. This step utilizes the following universal scheme: 5′-sense primer sequence-(random sequence)-antisense primer sequence-3′, where the primer sequence ranges from 18 to 22 bases and the random sequence contains 20-40 nucleic acids. The general procedure consists of labeling the 5′-sense primer with a fluorochrome reporter for monitoring aptamer selection, while the 3′-antisense primer is labeled with an affinity molecule, such as biotin, that is used to separate single-stranded oligonucleotides generated in each amplification round. This random ssDNA library can be used directly to select an initial pool of DNA aptamers. Conversely, generation of RNA aptamers requires two extra steps. Specifically, a pool of random ssDNA oligonucleotides is generated, T7 RNA polymerase promoter sequence is added to the 5′-sense primer, and the DNA is then used as a template for T7 RNA polymerase-based transcription in the 5′ to 3′ direction. During the second SELEX step, the oligonucleotide library is heated and rapidly cooled to promote the formation of 3D structures. The library is then mixed with the target of interest for specific binding enrichment. In the third step, the unbound sequences are discarded through the use of membranes, columns, magnetic beads, and capillary electrophoresis. 6, 24, 25 In the fourth step, the enriched sequences are amplified in vitro by either PCR (DNA aptamers) or RT-PCR (RNA aptamers) to generate a new sequence library for the next round of SELEX. The amplified sequence library may go through further negative-target selection, which eliminates the nonspecific sequences generated by binding of nontarget moieties. Lastly, aptamer selection goes through 4-20 rounds of amplification and enrichment. The exact number of required amplification and selection steps depends on the aptamer target being a purified protein or a living cell, and on the evolution of the aptamer sequence library, as that established by gel electrophoresis, flow cytometry (for target binding), classical cloning or sequencing methods, or by high throughput Next-Generation Sequencing (NGS). In recent years, the traditional SELEX method had also been modified to include the capillary electrophoresis (CE) SELEX, toggle selection, photo-SELEX, bead-based selection, X-Aptamers, and Slow Off-rate Modified Aptamers (SOMAmers) in order to maximize affinity and specificity, to improve the speed of selection and success rate, and to provide additional properties to the selected aptamers. [26] [27] [28] [29] [30] [31] Similar to protein antibody development, purified recombinant proteins or peptides expressed in prokaryotic or eukaryotic systems can be used as targets for aptamers selected by the SELEX method. However, because of the posttranslational modifications, especially in the case of highly glycosylated proteins, purified proteins or peptides often cannot fold into the correct 3D structure that is formed under physiologic conditions. 32 Consequently, the newly synthesized aptamers may not be able to selectively recognize and interact with their corresponding targets, which would result in failure of the biomedical application. As this is a common problem, it is very important to choose biomarkers in their native conformation for aptamers selection. Taking this issue into an account, a modified SELEX technology that uses whole living cells, Cellbased SELEX (or Cell-SELEX), was recently established. 33 To develop cell-specific aptamers, the Cell-SELEX method uses whole living cells that express surface biomarkers of interest. However, the presence of many different cell surface molecules in addition to the target biomarker(s) results in the synthesis of many unrelated/unwanted aptamers. Therefore, in addition to all the SELEX steps described above, Cell-SELEX technology also utilizes control cells that do not express the target biomarker(s) during the counter-selection step. 33 Well-characterized biomarkers that are endogenously expressed at high levels, such as the ErbB superfamily, MUC1, EpCAM, and CD30, offer the best potential for cell-based aptamer development. Subsequently, cell lines that have high endogenous expression of cell-specific or cancer type-specific biomarker(s) are commonly used for Cell-SELEX. However, if such cell lines are unavailable, a biomarker of interest could be over-expressed in a particular cell line via gene transfection and the parental cells used for counter-selection. Using this approach, aptamers targeting the cancer stem cell (CSC) biomarker CD133 have been recently developed. 34 In this study, CD133 cDNA was transfected into HEK293T cells that were then used for aptamer enrichment, with the parental HEK293T cells serving as a negative control. Similarly, an aptamer specific for the human receptor tyrosine kinase was recently developed. 35 Despite the advantages offered by the Cell-SELEX system, this method provides low aptamer enrichment efficiency because many off-target surface biomarkers/molecules are coexpressed on the cells of interest. To overcome this obstacle, our lab introduced a modified SELEX method that combines the cell-based SELEX with purified protein-based SELEX techniques. This hybrid (or cross-over) SELEX had been used to develop Tenascin-C-specific RNA aptamers. 36 In our lab, by employing the hybrid-SELEX approach, we developed a DNA aptamer specific for CD30-positive lymphoma tumor cells. 23 As shown in Figure 2 , the synthesized ssDNA sequence library was initially selected through the cell-based SELEX with CD30-expressing cells, followed by further enrichment with the purified CD30 protein-based SELEX. The current thought is that aptamers developed through this hybrid-SELEX process will be more selective in recognizing and binding to their target biomarker(s). In addition to our hybrid-SELEX approach, other modified Cell-SELEX technologies have been developed, such as internalized Cell-SELEX, designed to select functional aptamers that could be internalized by human cells, [37] [38] [39] [40] [41] [42] [43] and FACS-SELEX, that is used to eliminate dead cells that nonspecifically bind nucleic acids and affect subsequent aptamer selection results. 44, 45 One of the most important applications for the Cell-SELEX technology lies in biomarkers discovery, a new and exciting area of personalized cancer research. Using the Cell-SELEX method, cell-specific aptamers can be selected without prior knowledge of biomarkers present at the cell surface and is achieved through the altered target cell-mediated enrichment and off-target cell-mediated elimination. Newly synthesized aptamers can be further characterized and biomarkers identified by combining affinity purification and mass spectrometry analysis. [46] [47] [48] Through this approach, protein tyrosine kinase 7 (PTK7) 11, 49 and immunoglobin heavy mu chain 47, 48 were shown to be highly expressed in solid tumors and on lymphoma cells.
Aptamers specific for cell surface biomarkers
Cell surface biomarkers are functionally important molecules involved in many biological processes, such as signal transduction, cell adhesion and migration, cell-cell interactions, and communication between the intra-and extra-cellular environments. An abnormal expression of cell surface biomarkers is often related to tumorigenesis. 50 Clinically, it is estimated that about 60% of cancer-targeting drugs, including therapeutic antibodies and small molecule inhibitors, target cell surface biomarkers, 51 making them attractive for disease treatment. In the last decade, many aptamers targeting cell surface biomarkers have been developed through the advancement of both the protein-and/or cell-based SELEX technologies (see Table 2 for detailed list). These aptamers have been extensively studied for diagnosis and/or treatment of hematological malignancies, 7 
APTAMER-MEDIATED TARGETED THERAPIES
Traditional cancer treatment approaches, such as chemotherapy, radiotherapy, photodynamic therapy, and photothermal therapy can cause serious side effects in patients due to their associated nonspecific toxicity. To minimize these side effects, a concept of personalized, targeted therapy has been gaining momentum. One of the main clinical approaches for targeted cancer therapy employs antibody-based drugs. Although antibody-mediated therapy is highly specific and results in fewer side effects, potential immunogenicity and high cost of production may limit its clinical applications. To overcome these obstacles, oligonucleotide aptamer-based targeted therapeutics and specific drug delivery systems have recently been explored. These studies revealed numerous advantages offered by the aptamer technology over protein-based antibody therapies, with some of these described in the section below.
Aptamer-drug conjugates
Aptamer-drug conjugation (ApDC) is a very simple yet effective model of noncovalently or covalently conjugating aptamer sequences directly with therapeutic agents (Figure 3 ). For example, aptamer-conjugated Doxorubicin (Dox), a chemotherapeutic agent extensively used in the treatment of various cancers, has recently been shown to have enhanced therapeutic efficacy over Dox alone. Mechanistically, Dox cytotoxicity is caused by its intercalation into the nucleic acid structure at the preferred paired CG or GC sites with subsequent inhibition of cancer cell proliferation. Taking advantage of its propensity for intercalation, Dox can be noncovalently conjugated to oligonucleotide aptamers containing CG/GC sequences through a simple incubation step. A recent report by Subramanian et al. describes the effectiveness of aptamer-Dox conjugates in the treatment of retinoblastoma. 63 In their study, a 2′-fluoro modified RNA aptamer EpDT3 (specific for EpCAM, a CSC marker), was noncovalently conjugated with Dox. After binding to EpCAM molecules expressed at the cancer cell surface, the EpDT3-Dox conjugates were preferentially internalized by the cancer and not by the healthy cells, greatly enhancing therapeutic efficacy and reducing treatment-associated side effects. Several other studies also utilized aptamer-Dox conjugates for cancer therapy, such as HER2 aptamer-Dox conjugates targeting breast cancer, 64 MUC1 aptamer-Dox conjugates targeting lung cancer, 65 and PSMA aptamer-Dox conjugates targeting prostate cancer. 66 Despite their obvious advantages, several concerns related to the use of aptamer-Dox conjugate have been raised. These include (i) instability of the aptamer-drug conjugate due to the reversible nature of noncovalent conjugation process; (ii) short circulating half-life of aptamer-drug conjugates in vivo due to their low molecular weight; and (iii) poor drug payload capacity due to a very simple structure of aptamers. These three disadvantages and technological approaches to improve them are described in greater detail below.
To enhance the stability of drug loading, Dox can be covalently conjugated to aptamer sequences via a functional linker moiety. For example, the DNA aptamer sgc8 possesses a strong affinity for PTK7 kinase that is abundantly expressed on the surface of CCRF-CEM T-cell acute lymphoblastic leukemia cells. To enhance its stability, this aptamer was covalently conjugated with Dox through an acid-labile linker. 67 Once the sgc8 aptamer-Dox conjugate was preferentially bound and internalized by the target cells, the acid-labile linker was easily cleaved in the acidic lysosomal environment, releasing Dox and effectively killing target cells. 67 On the other side of the spectrum, covalent conjugation is the most commonly used method of aptamer-drug conjugation, especially for agents that cannot intercalate into the nucleic acid structure or whose intercalation would disrupt aptamer structure. 68 Evidence suggests that these covalently conjugated aptamer-drug compounds are significantly more stable than the corresponding noncovalently conjugated intercalations. 69 Conjugation of aptamers with high molecular weight polymers, such as polyethylene glycol (PEG), has been examined in order to increase aptamer molecular weight. Specifically, PEG has been widely used in drug modifications, including synthesis of Macugen aptamers. This modification, resulting in PEGylated aptamers, not only increased the aptamer molecular weight and prolonged its circulating half-life, but also enhanced its stability and decreased its toxic accumulation in nontarget tissues. 70, 71 Finally, in order to increase aptamer-drug payload capacity, an innovative model named aptamer-tethered DNA nanotrains (aptNTrs) was recently introduced by Zhu et al. to deliver Dox to cancer cells. 72 In this study, structure of the sgc8 aptamer that targets PTK7 was modified by adding a DNA trigger probe on the 5′-end. Consequently, the modified aptamer acted as a locomotive for targeting, while two hairpin monomers containing Dox intercalation sites acted as boxcars to deliver the drug. After self-assembly, the newly synthesized sgc8 aptamer-NTrs displayed high drug payload capacity, with the drug/sgc8 aptamer-NTr molar ratio of 50:1. Importantly, sgc8 aptamer-NTrs-Dox conjugates were preferentially internalized by the target cells, thereby inhibiting tumor cell growth in vitro and in vivo. 72 Another strategy for increasing the aptamer payload capacity involves the construction of polyvalent aptamers. Polyvalent aptamers exhibit an increased target affinity and are more rapidly internalized by their target cells. To demonstrate this, Boyacioglu et al. developed a new DNA aptamer they termed SZTI 01 against PSMA. 69 First, a dimeric aptamer complex (DAC) was created for specific delivery of Dox to PSMA-expressing cancer cells. Then, the SZTI 01 aptamer was modified on the 3′-terminus with either a dA16 or dT16 single-stranded tail that contained CpG sites for loading Dox, and the two monomers were annealed in a 1:1 ratio to form the DAC structure. The results of the study showed that DACs have a high Dox payload capacity with the Dox/DAC molar ratio of about 4:1, and the DACs-Dox conjugates were stable under physiological conditions for up to 8 hours. 69 In another study, a DNA aptamer targeting MUC1 was truncated and an aptamer containing three repeats of the active targeting region, termed L3, was synthesized. Although the Dox payload capacity was not specifically modified in the L3 aptamer, the L3-Dox conjugates showed a stronger affinity to target cells and lower cytotoxicity to off-target cells than the parental MUC1 aptamer. 73 Finally, polyvalent aptamers can also be constructed through the rolling circle amplification (RCA) technology. Using the RCA method and the sgc8 aptamer sequence as a circular template, a polyvalent sgc8 aptamer, termed Poly-Aptamer-Drug, was synthesized. 74 It was determined that the Dox payload capacity of the polyvalent sgc8 aptamer increased tenfold, as compared to the monovalent sgc8 aptamer. Moreover, because of their 40-fold greater binding affinity, the Poly-Aptamer-Drug conjugates were more effective than their monovalent counterparts in targeting and killing leukemia cells. 74 Although Dox presents itself as a very attractive chemotherapeutic agent for use in aptamer conjugation, other drugs, such as Gemcitabine (Gem) and photosensitizers, can also be targeted to cancer cells through the aptamer technology. Gem is an FDA-approved deoxycytidine analog (dFdC) used for anticancer therapy. To deliver Gem specifically to pancreatic cancer cells, Ray et al. developed a novel aptamerGem polymer model. In this model, a single-stranded RNA polymer contained Gem that was enzymatically synthesized through a mutant T7 RNA polymerase-mediated transcription reaction and fused with a nuclease-resistant 2′-fluoromodified RNA aptamer (E07) that selectively binds to EGFR on pancreatic cancer cells. The E07 aptamer structure was modified by introducing a 24-nucleotide sequence at the 3′ end and using it as an adaptor for Gem polymer binding. Following an annealing step, the Gem polymer complementary bound with the E07 aptamer and preferentially targeted the EGFR-expressing pancreatic cancer cells, inhibiting cell proliferation. 75 Compared with the traditional chemotherapeutic agents, controlled conditional prodrug photosensitizers have also been extensively used for aptamer-mediated drug delivery. In this therapeutic approach, termed photodynamic therapy, or photodynamic therapy, photosensitizers are activated by light irradiation and induce production of intracellular reactive oxygen species, resulting in cytotoxicity. A study by Ferreira et al. describes the development of a DNA aptamer specific for MUC1 and covalently conjugated at the 5′ end with the photosensitizer chlorin e6. 76 Upon light irradiation, MUC1-expressing epithelial cancer cells were preferentially killed with cytotoxicity about 500-fold higher than that of the control cells. Similar studies have reported using a necleolin aptamer (AS1411)-TMPyP4 for targeting breast cancer 77 and the EGFR aptamer (R13)-TF70 for treatment of lung cancer. 78 Finally, approaches to extend the scope of aptamer application have also been developed. Similar to bi-specific antibodies, bi-specific or even tri-specific aptamers can be constructed. A bi-specific aptamer for targeting different cells was recently described by Zhu et al. In their study, specific DNA aptamers sgc8 and sgd5a were conjugated through a dsDNA linker. Compared to each mono-aptamer, this bispecific aptamer (named SD) could recognize its target cell simultaneously with equal specificity and affinity, while Dox intercalation into the dsDNA induced target cell cytotoxicity. 79 In the same study, a Y-shape dsDNA linker was used to construct a tri-specific aptamer that also recognized its target cells with high specificity and affinity. 79 Clinically, Min et al. proposed using a bi-specific aptamer for prostate cancer therapy. It is well established that prostate tumors may contain both PSMA-positive and -negative cell types. Thus, this study utilized two aptamers, a 2′-fluoro modified RNA aptamer targeting PSMA-expressing cells and a DUP-1 peptide aptamer specific to PSMA-negative cells, conjugated through streptavidin. Moreover, intercalating Dox into the PSMA aptamer of this bi-specific aptamer model could serve as a tool to target all prostate cancer cell types.
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Aptamer-nanoparticle therapeutics Nanoparticles (NPs) are attractive vehicles to increase both the half-life and the drug payload capacity of aptamer-mediated drug delivery. In addition to their common features, such as biocompatibility for clinical applications, large surface for enhanced aptamer and drug loading, and uniform size and shape for excellent biodistribution, NPs have other individual physical and chemical properties defined by their materials. For example, copolymers and liposomes are biodegradable, while metal materials offer exceptional photothermal and magnetic performance. Thus, NPs are used extensively in drug delivery and controlled release systems, with several examples described below.
Copolymers and liposomes.
Conjugation of aptamers with copolymers or liposomes offers excellent opportunities for targeted drug delivery, based on their enhanced biodegradability and biocompatibility. Pioneering work of Farokhzad et al. described the development of aptamer-NPs bioconjugates almost a decade ago. 81, 82 In their study, an anti-PMSA aptamer was conjugated with poly(lactic acid; PLA)-PEG or poly(lactic-co-gycolic-acid; PLGA)-PEG functional groups; in this model the anti-PSMA aptamer was used as a targeting molecule, PLA or PLGA help to encapsulate and control drug release, while PEG enhanced circulating half-life of the resultant bioconjugate. After optimization and Docetaxel (Dtxl) loading, these Dtxl-encapsulated functional aptamer-NPs significantly improved in vitro cellular toxicity by preferentially targeting LNCaP cells. More importantly, following a single intratumoral injection, Dtxl-encapsulated functional aptamerNPs showed reduced systemic toxicity and a significant in vivo tumor burden reduction. In the years following these successful early studies, several publications described the development of novel aptamer-NPs bioconjugates. For example, due to its high level of expression, MUC1 protein is an important target for anticancer drug delivery in most adenocarcinomas. A functional MUC1 aptamer-NPs bioconjugate was created using an emulsion/evaporation method to include PLGA and paclitaxel (PTX). After PTX loading, the encapsulation efficacy was 83.66 ± 1.7% with a drug load of 4.26 ± 0.1%. A typical kinetic profile for sustained release was observed, with about 65% of the drug gradually released over the first 48 hours. Importantly, this PTX-loaded aptamer-NPs enhanced the in vitro drug delivery and cytotoxicity restricted to MUC1-expressing cancer cells. 83 In another example, an AS1411 aptamer was used to target tumor cells. In this study, Aravind et al. developed a PLGA-lecithin-PEG and PTX-containing AS1411 aptamerNPs bioconjugates for breast cancer therapy. 84 After optimization, the NPs were about 85.5 nm in size, and exhibited high encapsulation efficiency (60.93 ± 3.4%) and superior sustained drug release, compared to the PLGA NPs. As expected, these NPs were effectively internalized by target cells and enhanced the in vitro cell killing effect. 84 A study by Guo et al. utilized a similar approach for glioma therapy in vivo. Their results show that these novel conjugates exhibit a prolonged half-life in circulation, inhibit xenograft tumor growth, and prolong survival of animals bearing intracranial glioma. 85 Finally, a recent study by Xing et al. described a functional AS1411 aptamer-liposome NPs for breast cancer therapy. These aptamer-liposome NPs exhibited enhanced tumor tissue penetration and improved antitumor efficacy in mice bearing MCF7 xenografts. 86 In the study by Dhar et al., authors combined a modified RNA aptamer A10 specific for PSMA with a functionalized platinum [Pt(IV)]-based PLGA-PEG NP for prostate cancer therapy. 87 The authors then investigated NP-associated pharmacokinetics, biodistribution, tolerability, and efficacy. The results show that functional NPs had high maximum tolerated dose, prolonged systemic blood circulation time, decreased kidney toxicity, and enhanced antitumor efficacy in vivo. 87, 88 Following a similar scenario, several recent studies utilized different aptamers and copolymers or liposome: TD05 aptamer-liposome NPs for Burkitt lymphoma 89 and PSMA aptamer-PCL-PEG NPs for prostate cancer. 90 All of these studies indicate that aptamer-guided functionalized copolymers or liposome NPs are an effective, universal, and safe platform for targeted drug delivery.
Metal nanomaterials. Excellent optical, electromagnetic, stability, and biocompatibility properties make metal nanomaterials useful tools in designing targeted drug delivery systems. Recently, our group reported a novel metal NP, Apt-HAuNS-Dox, which is comprised of a CD30-specific RNA aptamer (Apt), a functional hollow gold nanosphere (HAuNS), and conjugated Dox. 91 Our results indicate that the formed Apt-HAuNS-Dox NPs, approximately 42 nm in diameter, have a drug payload efficiency of >90%, which equals approximately 30% w/w. Importantly, these NPs are ultrasensitive to pH changes, and release 80% of their Dox payload within 2 hours at pH 5.0. In vitro studies utilizing a mixture of various cell types revealed that the Apt-HAuNSDox NPs selectively kill lymphoma cells, but exhibit no cytotoxicity in other cell types present in the same culture (Figure 4) . 91 In another example of gold NP utilization, gold nanomaterials are incorporated into the photothermal therapy (PTT) strategy under near-infrared laser irradiation. A study by Wang et al. described conjugation of two specific aptamers, namely CSC1 and CSC13, to the surface of gold nanorods (AuNRs). 92 Resulting conjugates were then used to target and kill both stem and nonstem cancer cells. Using this method, a 10-minute near-infrared laser irradiation decreased cell viability to 36% and 47%, respectively. 92 In a follow up study, the same group developed a PTT/photodynamic therapy combination strategy based on the sgc8 aptamer tagged to both AuNRs and a photosensitizer. With this approach, the PTT/photodynamic therapy dual therapy resulted in a more effective therapeutic outcome than either therapeutic modality alone. 93 Finally, super paramagnetic iron oxide nanoparticles (SPION) possess simultaneous drug delivery and in vivo imaging qualities. Using the 5TR1 aptamer against MUC1 as a targeting tool, Jalalian et al. developed an Epirubicin-5TR1 aptamer-SPION tertiary complex for imaging detection and treatment of murine colon carcinomas. 94 Virus-like particles. Virus-like particles (VLPs) are naturally derived nanomaterials with multifunctional properties that can be used for drug delivery. A method for constructing VLP-aptamer conjugates was first reported by Tong et al. in 2009 . 95 Using an efficient oxidative coupling strategy, up to 60 copies of sgc8 aptamer were conjugated on the surface of each MS2 bacteriophage capsid. The functional sgc8 aptamer-VLPs conjugates exhibited a strong binding capacity to target cells, followed by internalization and degradation in lysosomes. 95 More recently, Cohen and Bergkvist developed a functional VLP-AS1411 aptamer loaded with porphyrin photosensitizer that was used for breast cancer therapy. Their results showed that after irradiation, almost 100% of MCF7 cells underwent apoptosise, as compared to virtually no cell death observed in the off-target MCF-10A cells under the same treatment conditions. 96 In conclusion, copolymer, liposome, metal, and virus-like NPs could be successfully used to enhance biodistribution, stability, and targeting affinity of aptamers. In addition, nanomaterials such as hydrogels, silica, quantum dots (QD), and single-walled carbon nanotubes are also promising vehicles for aptamer-mediated delivery of targeted therapeutics. However, several applications of these nanomaterials have been recently reviewed, [97] [98] [99] and will not be discussed further in the present report.
Aptamer-mediated gene therapy
Small interfering RNA (siRNA) and microRNA (miRNA) molecules are powerful gene silencing tools that represent a new class of gene-mediated therapeutics, and their effectiveness as cancer gene therapy has been extensively evaluated. However, their use in clinical applications has been limited due to their lack of cell/tissue specificity during in vivo delivery. Therefore, combining aptamers that provide high targeting specificity with siRNA/miRNA technology can achieve selective gene targeting with high efficiency.
Similar to conjugation of chemotherapeutic agents, siRNA and miRNA can be covalently conjugated with aptamers to form aptamer-siRNA or aptamer-miRNA chimeras. McNamara et al. first developed an aptamer-siRNA chimera in which either Plk1 (polo-like kinase 1) siRNA or Bcl2 (B-cell lymphoma-2) siRNA were covalently conjugated with a modified A10 RNA aptamer against PSMA. 100 Their results showed that this simple conjugation did not affect biological functions of either the aptamer or the siRNA. Moreover, aptamer-siRNA chimeras could specifically bind to the PSMA-expressing cells, thereby silencing Plk1 or Bcl2 gene expression and significantly inhibiting in vivo tumor growth. 100 In a similar approach, Thiel et al. used a RNA aptamer against the rat HER2 that was conjugated with a Bcl2 siRNA. Consequently, these HER2 aptamer-Bcl2 siRNA chimeras specifically targeted HER2-expressing cancer cells and downregulated Bcl2 gene expression. Furthermore, these chimeras also enhanced cisplatin efficacy, thus providing a novel combinational strategy for cancer therapy. 43 In fact, in addition to cancer therapy, utilization of this simple aptamer-siRNA chimera model is very effective and has been applied in other areas of biomedical research. For example, HIV infections 101 are another serious public health problem. In an elegant study reported by Zhou et al., an inhibitory RNA aptamer against gp120 was covalently conjugated with a tat/rev siRNA. Their results showed that this dual inhibitory function of an antigp120 aptamer-siRNA chimera significantly inhibited HIV replication and host-to-host spread.
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Figure 4 Formulation of the Apt-HAuNS-Dox nanoscale drug-delivery system and the mechanism of pH-dependent drugs release. (a) A schematic illustration of Apt-HAuNS-Dox synthesis. Aptamers and PEG were conjugated to the surface of HAuNS sequentially via covalent S-Au bonds, followed by loading with doxorubicin through a charge force. (b) Our hypothesis is that the Apt-HAuNS-Dox NPs selectively target lymphoma cells via the aptamer-mediated biomarker interaction, resulting in internalization and intracellular delivery into lysosomes. Due to their low pH sensitivity, lysosomal microenvironment triggers a rapid Dox release and initiates tumor cell apoptosis. PEG, polyethylene glycol; NPs, nanoparticles. In addition to covalent conjugation, noncovalent conjugation of aptamers and siRNA is also an effective method. Recently, Zhou et al. developed a series of BAFF-R aptamer-STAT3 siRNA chimeras through covalent and noncovalent conjugation methods. In their study, an inhibitory 2′-fluoro modified RNA aptamer against BAFF-R, a protein that is overexpressed in B-cell malignancies, was developed to deliver STAT3 siRNA. Two BAFF-R aptamer-STAT3 siRNA chimeras were conjugated covalently through transcription, in which the sense and antisense strands were swapped. The other two chimeras were conjugated through a RNA stick, in which the aptamer-stick and siRNA-stick were chemically synthesized and annealed. Results showed that all chimera combinations (i.e., aptamer-siRNA and aptamer-stick-siRNA) preferentially delivered STAT3 siRNA into BAFF-R-expressing cells with similar efficacy, subsequently downregulating STAT3 gene expression. Combined with the inhibitory function of a BAFF-R aptamer, this dual-function chimera represents an effective alternative for treatment of B-cell malignancies. 104 Drawing from other branches of aptamer technology, multivalent aptamer-siRNA chimeras have been recently developed. A study by Wullner et al. describes a bivalent aptamer-siRNA chimera for prostate cancer therapy. 81 In their design, two RNA aptamers directed against PSMA were joined together using a linker of the eukaryotic elongation factor 2 (EEF2) siRNA. Compared with a corresponding monovalent chimera, this bivalent PSMA aptamer-EEF2 siRNA chimera showed a greatly enhanced in vitro cytotoxicity, prolonged half-life, and superior tumor inhibition in vivo. 105 In another example, a multivalent PSMA aptamer-siRNA chimera was noncovalently conjugated through a biotin-streptavidin connector and showed satisfactory specificity and effectiveness against PSMA-positive cells. 106 Although aptamer-siRNA chimeras could specifically deliver siRNA to their target cells, there are some challenges associated with systemic delivery, such as poor siRNA payload, short biological half-life, and undesirable biodistribution. One potential solution to these problems lies in nanotechnology. For example, our group developed a functional siRNA nanocomplex comprised of a CD30 aptamer and an ALK-targeted siRNA within nano-sized poly-(ethylenimine) (PEI) polymer carriers ( Figure 5) . 107 PEI is a well-characterized cation carrier that exhibits high cell transfection efficiency, strong buffering capacity, and ability to release functional nucleic acids from endosomes into the cytoplasm by inducing osmotic endosomal rupture. Our study showed that functional siRNA/aptamer nanocomplexes preferentially bound to and were internalized by the CD30-expressing lymphoma cells, resulting in downregulation of cellular ALK gene expression, inhibition of cell proliferation, and apoptosis. 107 To further improve this approach, Bagalkot et al. developed a two-step process in which the resultant chimeras were comprised of a siRNA, aptamer, PEI, and QDs-PMAT nanocore. In doing so, the thiol-reactive terminal group-modified siRNA molecules were first adsorbed electrostatically onto the PEIQDs-PMAT nanocore, and then the PSMA aptamer with a thiol group was conjugated with a siRNA moiety to form an aptamer-siRNA chimera on the NPs surface. Using PSMAexpressing cells as a model, these multifunctional QDs-chimera NPs could be specifically internalized, thereby silencing expression of their target genes. 108 Similar to siRNA, miRNA can also be selectively targeted by specific aptamers to desired tissues. In a study by Dai et al., researchers developed a MUC1 aptamer-miR29b chimera to target ovarian carcinoma cells. In their study, a palindromic miRNA-29b sequence was synthetically joined at the 3′-end with a MUC1 aptamer. Results indicated that the Chi-29b chimera was preferentially internalized by MUC1-expressing OVCAR-3 cells, resulting in downregulation of DNA methyltransferase expression (DNMTs, specific targets of miR29b) and restoration of PTEN expression, and induction of apoptosis. 109 In a follow up study, the same group determined that an intraperitoneal injection of the Chi-29b chimera significantly inhibited in vivo tumor growth by modulating the DNMTs-PTEN signaling pathway. More importantly, the Chi-29b chimeras also inhibited growth of therapyresistant ovarian cancer cells, indicating that these chimeras may offer novel avenues for the treatment of relapsed ovarian carcinomas.
110
Aptamer-mediated immunotherapy A relatively novel concept in cancer therapy, immunotherapy has recently been getting a lot of attention due to its low potential side effects and high specificity. Of note, antibodybased therapies represent the most studied of immunotherapy approaches. The major therapeutic mechanisms of antibodies are antibody-dependent cell-mediated cytotoxicity (ADCC), complement-mediated cytotoxicity, and enhanced phagocytosis or opsonization through the Fc functional region. As chemical antibodies, oligonucleotide aptamers can imitate protein antibodies to execute immunotherapy functions. In a preliminary study, Bruno et al. developed a DNA aptamer-Fc conjugate to act as artificial antibodies. 111 Although the study clearly showed that the aptamer-Fc conjugate could be recognized and internalized by macrophages, no further evaluation of its therapeutic antitumor efficacy was performed. 111 In a more recent study, Stecker et al. conjugated a MUC1 aptamer with the C1q molecule through a biotin-streptavidin connector and evaluated the chimera's killing effect using the MCF7 breast cancer cell line. Treatment with this chimera induced significant membrane attack complex (MAC) formation on the MCF7 cell surface, leading to cell death and confirming therapeutic effectiveness of the aptamer-C1q conjugate. 112 To improve recruitment of the immune cells towards a tumor, Boltz et al. developed a bi-specific c-MET-CD16α aptamer. Their design combined a c-MET aptamer for specific targeting of cancer cells with a CD16α aptamer that promoted recruitment of the CD16α-expressing natural killer cells. After optimizing the length of aptamers and DNA linkers, the two aptamers were conjugated. The resultant bi-specific aptamer promoted recruitment of the natural killer cells and induced killing of the target cells. 113 In another study, Xiong et al. utilized a DNA aptamer specific for K562 leukemia cells that was modified by adding a PEG linker and a diacyllipid tail at the 5′-terminal. In this approach, the PEG linker protected the correct 3D conformation of the aptamer on the cell surface, while the diacyl lipid tail facilitated and enhanced incorporation of the aptamer into the cell membrane. Consequently, this multivalent aptamer increased K562 killing by the natural killer cells by 50%, 114 indicating that this model may be further developed for adoptive immunotherapy.
Aptamer-mediated target cell biotherapy
Many cell surface receptors and biomarkers play a role in specific cellular functions, such as signaling transduction pathways. Therefore, their interaction with aptamers could confer agonistic or antagonistic effects on their specific biologic functions, resulting in cancer cell death. In a therapeutic setting, monovalent aptamers, especially those targeted to cell surface biomarkers, are usually unable to activate the downstream signaling pathways. Conversely, multivalent aptamers induce receptor multimerization, thus triggering downstream signaling. Recently, Mahlknecht et al. reported development of a trimeric HER2 aptamer for biotherapy in a human gastric cancer model. This trimeric HER2 aptamer significantly inhibited in vitro and in vivo proliferation of tumor cells, as compared to the monomeric HER2 aptamer. 115 When compared against a HER2 monoclonal antibody, the trimeric HER2 aptamer increased the antitumor efficacy by twofold. The molecular mechanism involved internalization and cytoplasmic translocation of the HER2 receptor induced by the aptamer binding, followed by their degradation in the lysosomes. 115 In a similar approach, our group developed a highly stable DNA aptamer specific for CD30. We conjugated a biotinylated CD30 aptamer with a streptavidin connector to form multivalent aptamers (Figure 6) . 23 Our results show that the addition of multivalent aptamers into cell culture induced CD30 oligomerization and subsequently triggered lymphoma apoptosis, up to sixfold higher than that observed in the control group. 23 Together, these results demonstrate the 
Conclusion
Antibody-based targeted therapeutics provide high target specificity and affinity. However, their potential for immunogenicity is of a great concern, as is their high production cost, both of which have limited their clinical applicability. As discussed in this review, when compared to protein antibodies, oligonucleotide aptamers offer many advantages, including simple chemical synthesis, virtual nonimmunogenicity, smaller size, faster tissue penetration, ease of modification with different functional moieties, low cost of production, and high biological stability. Therefore, aptamers have become a promising new class of molecular ligands that could replace or supplement protein antibodies. In summary, aptamer technology has a strong market value and may be applied in various biomedical fields, including in vitro cancer cell detection, in vivo tumor imaging, and targeted cancer therapy (Figure 7) . Although aptamer technology has a great potential in the biomedical field, several technical challenges remain and must be addressed. These include: (i) how can aptamers be rapidly adapted for specific targets by decreasing falsepositive/-negative selection? Primarily dependent on the natural properties of targets of interest, such as proteins versus cells or tissues, the process of aptamer selection is usually time-consuming, and the success rate is sometimes low. To improve the speed and success rate, novel methods for aptamer selection have been recently described. They include bead-based selection, that can select aptamers as rapidly as a single round of selection, 27, 28 and the SOMAmer, which improves the aptamer production success rate from less than 30% to over 50%. 29, 30 More recently, a study by Cho et al. devised a Quantitative Parallel Aptamer Selection System (QPASS) method, which integrates microfluidic selection, NGS, and in situ-synthesized aptamer arrays. This approach allows for the simultaneous measurement of affinity and specificity for thousands of candidate aptamers in parallel. 116 In addition to QPASS, evolving modifications to the Cell-SELEX approach are beginning to address difficulties with successful removal of the influence stemming from the presence of dead cells, slow enrichment aptamers recognizing targets of interest, and contamination with unwanted aptamer sequences. As described above, utilization of the above-mentioned FACS-mediated SELEX 44, 45 and hybrid-SELEX 23 offers novel approaches that address these technical challenges.
(ii) How can we select cancer-relevant targets for aptamer development and clinical applications? Tumorigenesis is a dynamic process that includes multiple constantly changing factors. Therefore, a one-size-fits-all cancer-specific biomarker is unlikely to ever be identified. Yet, it has been established that certain biomarkers present in healthy tissues are highly expressed in cancer cells. Moreover, certain biomarkers are associated with particular cancer cell types making them to be considered as useful targets for development of targeted cancer therapy. However, while use of cancer cells to identify biomarkers and to develop therapeutic agents is a reasonable approach, cultured cells, especially immortalized cell lines, greatly differ from tumor tissues in vivo. To overcome these limitations and to select more reliable cancer-relevant biomarkers for aptamer development, several innovative SELEX methods have been recently described. Of particular interest are the tissue-based SELEX 117 and the in vivo-SELEX, 118 which offer target selection under more relevant pathologic conditions. This cell/tissue-specific biomarker selection can also be utilized for development of noncancer related therapies, as shown for aptamers targeting the adipose tissue in obesity 119 and for aptamers designed to penetrate the blood-brain barrier in order to combat brain diseases. 120 Hence, we believe that the careful selection of cancer-associated biomarkers and cell/tissue type-specific biomarkers will expand the scopes of aptamer applicability and improve the feasibility of clinical applications.
(iii) What methods could improve aptamer biostability in vivo? Unmodified RNA-based aptamers are very susceptible to the nuclease-mediated degradation in vivo. Although many chemical modifications aimed at increasing biostability of the RNA aptamers have been developed, including 2′-modifications, 3′-modifications, phosphodiester backbone modifications, 19, 20 and utilizations of novel nucleic acids (locked nucleic acid and Spiegelmers), 16, 21, 22 their effectiveness is still limited. When it was first described, PEGylation was a very attractive strategy for prolonging aptamer circulation half-life and enhancing their biostability. However, a recent report showed that the in vivo use of PEGylated aptamers induced production of anti-PEG antibodies, 121 emphasizing the need for the development of alternative approaches.
(iv) How can aptamer technology be modified to achieve a more effective drug delivery? Many drug delivery systems described in this review are tested in vitro or in animal models. Yet, as with any compound that is translated from the bench to the bedside, aptamer-drug conjugates may behave differently in a human patient than they do in laboratory animals. Therefore, aptamer-drug conjugation remains an important challenge that must be considered. Specifically, various coupling approaches lead to different pharmacokinetics, biodistribution, and tolerability in vivo, which in turn greatly affect treatment effectiveness. In the same vein, we must consider the effectiveness of aptamer-mediated target gene therapy. Gene therapy, including siRNA and miRNA aimed at silencing specific genes, is considered the next generation therapeutic approach. However, silencing a single pathogenic 
In vivo detection
In vitro diagnosis gene may not be a viable therapeutic option because tumorigenesis is a process regulated by multiple genes and signaling pathways. Therefore, combining targeted therapeutics with gene therapy may represent the most effective strategy. Such combinational therapy approaches can greatly improve the therapeutic efficacy while reducing the required dosages of both drugs and small molecule RNAs, 122 and, more importantly, may offer new alternatives to combat chemotherapyresistant cancers. 110 (v) The last important point to consider is whether aptamermediated biotherapies can become effective, FDA-approved medications. Following Macugen approval by the FDA, many aptamer-mediated biotherapies have been evaluated in clinical trials. Of particular interest is AS1411, an antitumor aptamer that has completed several Phase I clinical trials. 15 Trial results are promising and offer useful insights into further modifications that could be applied to therapeutic aptamer development.
Taken together, although some technical challenges remain to be addressed, oligonucleotide aptamers have become an attractive and promising tool for targeted cancer therapy. As more clinical data are accumulated, we and others will be better equipped to optimize aptamer formulations, leading to the expansion of aptamer use in the clinic.
